In this paper the goal was to measure the contrast to noise ratio (CNR) of fast spin echo (FSE) magnetic resonance imaging (MRI) sequences in detecting thermal lesions created by high intensity focused ultrasound (HIFU) in rabbit kidney, liver, heart, and brain and lamb pancreas. A spherically focused transducer was used which is navigated inside MRI by a custom made positioning device. A simple simulation model was developed which predicts the CNR for the two FSE MRI sequences. The maximum contrast measured with T1-W FSE ranges from 10 to 25. For all 5 tissues of interest if one uses TR between 400 and 500 ms the contrast is maximized. The T1 and T2 value of lesion depends strongly on the host tissue and is always lower than the host tissue. The greater the difference in T1 value, the greater the CNR. The simulated model for predicting the CNR was proven successful. The CNR measured with T2-W FSE varies between 12 and 15 for all 5 tissues. With T2-W FSE if one uses TE between 40 and 50 ms, the contrast is maximized.
INTRODUCTION
In this paper the goal was to measure the contrast to noise ratio (CNR) between thermal lesions created by high intensity focused ultrasound (HIFU) and tissues in rabbit in vivo using the magnetic resonance imaging (MRI) sequence of fast spin echo (FSE). We have chosen to explore kidney, liver, heart, brain and pancreas because there is currently a lot of ongoing research either in animal models or in humans for these 5 tissues. Only for the case of pancreas we used lamb, because the pancreas of rabbit is so small and therefore impossible to create lesions of sufficient size.
There is a lot of work done so far in the area of kidney ablation with HIFU. For example Watkin et al. 1997 [1] developed a large animal model and proved the feasibility of HIFU to create thermal lesion. Recently, Roberts et al. have performed ablations in the normal rabbit kidneys and suggested that the mechanical effects of ultrasound can be used to homogenize tissue [2] .
HIFU ablation of renal tumours in humans remains in the early stages of clinical trials. In the early 1990s, Vallancien et al. [3] reported the first clinical feasibility study in kidney using extracorporeal HIFU. Susani et al 1993 [4] , Wu et al. 2003 [5] , and Marberger et al. 2005 [6] conducted clinical trials in patients with renal tumours and proved that HIFU may have a place in the treatment of renal tumours. Hacker et al. 2006 [7] performed also ablation of 43 kidneys (porcine and human), using an experimental handheld extracorporeal technology. Finally, Kinglier et al. 2008 [8] use laparoscopic methods to treat kidney tumors.
Regarding liver ablation using HIFU a lot of work has been done in many directions since the 80's in this area. The threshold of intensity that is needed to cause irreversible damage in liver was suggested by Frizell et al. 1988 [9] . This information is very useful, because the intensity needed to create lesions was defined. The thermal effects of HIFU in liver were well documented by ter Haar et al. 1989 [10] , and Sibile et al. 1993 [11] . In the two studies by Chen et al. 1993 [12] , and Chen et al. 1999 [13] , the effect of HIFU ablation in liver and cancerous liver using histology were analysed extensively. The effective delivery of HIFU protocols in real oncologigal applications of liver was achieved by implanting tumor cells in liver [14] [15] [16] [17] [18] .
Since the 90's clinical work has been initiated for liver cancer. Vallancien et al. [19] treated two patients with solitary liver metastases prior to surgical resection. The team headed by Wu in 1999 reported a clinical study for treating 68 patients with liver malignancies [20] . The same group reported a clinical study with 474 patients with Hepatocelular Carcinoma (HCC) treated using HIFU in combination with trans-arterial chemo-embolisation [21] . HIFU ablation has also been used for palliation in 100 patients with advanced-stage liver cancer [22] . Following treatment, symptoms, such as pain and lethargy, were relieved in 87% of the patients.
The first attempt to monitor the effect of HIFU using MRI in liver was reported by Rowland et al. 1997 [23] , who demonstrated that monitoring of thermal lesions in liver is feasible. The MRI appearance of lesions in liver created using HIFU was also studied by Jolesz et al. 2004 [24] and Kopelman et al. 2006 [25] .
The other important tissue to be explored is brain. Thermal ablation of brain in animals with HIFU started in the 50's (for example [26] ) and continued in the 60's (for example [27] ). HIFU was employed in the clinical setting by Fry and Johnson [28] and showed that HIFU had the potential to treat brain cancer. Other groups recommended hyperthermia (heating of 30-60 minutes at 43 º C) to treat brain tumors [29, 30] . However, the clinical trials were abandoned probably due to the inexistence of effective imaging modality to guide the therapy. Especially for the case of brain it is extremely important to have absolute control of the ablation in order to avoid vital brain tissue damage such as the neurons. Now with the advancement of HIFU technology guided by MRI, it will be possible to conduct clinical studies for brain cancer.
The progress of MRI guided HIFU for brain ablation was very fast since the early ninenties. Since 1994 several studies have been conducted by the group of Dr. Hynynen [31] [32] [33] [34] [35] [36] demonstrated the creation of lesions in animal brain using MRI guided HIFU.
Emphasis on the treatment of pancreatic tumors using HIFU was initiated right after the millennium. With Pancreatic carcinoma the late onset of symptoms means that nearly 80% of patients have unresectable disease on diagnosis. There remains no effective modality for the treatment of patients with locally advanced disease; chemo-radiation is the current best practice [37] .
Wu et al. [38] have published the clinical work on eight patients with advanced pancreatic cancer treated with HIFU for palliation. In this clinical study, the treatment proved to be safe and the results were impressive. Another clinical study was published on this topic by Hwang et al. [39] who have used also HIFU to treat advanced pancreatic cancer. They concluded that the swine appears to be an appropriate model to evaluate the feasibility, safety, and efficacy of performing in vivo HIFU ablation for pancreas.
Xiong et al. [40] used a large animal model to investigate the feasibility and safety of HIFU in treating pancreas and also evaluated the efficacy and feasibility of HIFU in the clinical treatment of pancreas cancer in humans. It is very likely that great interest in MRI-guided HIFU for the treatment of pancreatic cancer will be raised soon.
Heart is a tissue with properties similar to the muscle, and therefore it is a possible target for HIFU ablation. There are several experimental models for HIFU ablation for cardiac tissue [41] [42] [43] . Up to today the purpose of heart ablation is to treat heart arrhythmias [44] , pulmonary vein isolation [45, 46] , mitral chordal cutting [47] , and ablation of cardiac valves [48] .
In this paper the goal was to measure the CNR of the MRI sequence FSE in detecting thermal lesions created by HIFU in tissues where a lot research activity exist (liver, kidney, heart, brain, and pancreas). The two basic and most important MRI sequences of T1-W FSE, and T2-W FSE are investigated. The goal was to create large lesions and use MRI to discriminate between tissue and lesion. With T1W FSE the signal intensity vs. repetition time (TR) is evaluated and based on this analysis, the CNR is estimated, in order to find the range of TR that produces maximum contrast. Similarly for T2W FSE the range of echo time (TE) is found that maximizes the contrast. A spherically focused transducer was used, which is navigated inside MRI using an MRI compatible robot.
The experimental results are compared with a simple and yet useful simulation model which predicts the CNR vs. TR or CNR vs. TE for the two FSE MRI sequences. Using this model the value of CNR can be extracted by varying TR for T1 W FSE or by varying TE for T1 W FSE. Also the effect of varying the lesion relaxation time T1 and the lesion relaxation time T2 on the CNR is presented. Finally the effect of the signal intensity on the CNR is investigated.
The contrast between lesion and tissue depends mainly on the proton density, T1 and T2 which are tissue parameters and therefore the user of MRI has no control. The other parameters that the user has control are the parameters TR and TE. Therefore in the paper we meas-tioning system (MEDSONIC LTD, Limassol, Cyprus) which is described shortly. ure the proton density, T1 and T2 for both lesion and tissue of interest. Also we recommend the optimum TR and TE to be used for the tissues explored in order to maximize the CNR.
MRI Imaging
The 3-d positioning device and the transducer were placed inside a MRI scanner (Signa 1.5 T, by General Electric, Fairfield, CT, USA). The spinal coil (USA instruments, Cleveland, OH, USA) was used to acquire the MRI signal for all tissues. Figure 1 shows the block diagram of the HIFU/MRI system which includes the following subsystems: 1) HIFU system, 2) MR imaging, 3) Positioning device (robot), and 4) Temperature measurement.
MATERIALS AND METHODS

HIFU/MRI System
Positioning Device
The robot has been developed initially for three degrees-of-freedom, but it can be easily developed for 5 degrees of motion. Since the positioning device is placed on the table of the MRI scanner its height should be around 55 cm (bore diameter of the MRI scanner). The length of the positioning device is 45 cm and its width 30 cm. The weight of the positioning device is only 6 kg and therefore it can be considered portable. The positioning device operates by means of piezoelectric motors (USR60-S3N, Shinsei Kogyo Corp., Tokyo, Japan). The range of movement of the positioning device is 10 cm in the X and Y-axis and 6 cm in the Z-axis. The resolution of the positioning device is 0.1 mm. Figure 2 shows a photograph of the top view of the positioning device.
HIFU System
The HIFU system consists of a signal generator (HP 33120A, Agilent technologies, Englewood, CO, USA), a RF amplifier (250 W, AR, Souderton, PA, USA), and a spherically shaped bowl transducer made from piezoelectric ceramic of low magnetic susceptibility (Etalon, Lebanon, IN, USA). The transducer used for the kidney, liver, heart and pancreas ablation operates with frequency of 4 MHz, and the transducer for brain ablation operates at 1 MHz. The radius of curvature of the transducer was 10 cm and its diameter was 5 cm. The transducer is rigidly mounted on the MRI-compatible posi- 
Temperature Measurement
Temperature is measured using a data acquisition system (HP 34970A, Agilent technologies, Englewood, CO, USA). Temperature is sensed using a 50-μm diameter T-type copper-costantan thermocouple (Physitemp Instruments, Inc. New Jersey, USA) which is MRI compatible. The thermocouple is placed in the tissue by means of a catheter. The thermocouple measures the temperature at the focus. This is achieved by applying low-intensity (low enough not to cause tissue damage) and during the application of ultrasound the transducer is scanned accordingly in order to detect the maximum temperature. This establishes positioning of the thermocouple in the focus of the transducer. The temperature error of the thermocouple is in the order of 0.1°C.
In Vitro Experiments
Since the pancreas of rabbit is small, for the case of pancreas we used lamb pancreas in vitro. The acoustical coupling of Figure 3 . A was used for the in vitro experiments. With this method the tissue is placed outside the water container which is filled with degassed water. Due to the weight of the water container the coupling with this method is excellent. This method can be described as a superior to inferior approach, meaning that the transducer is on top of the tissue. The tissue was placed on top of an absorbing material in order to shield adjacent tissue form stray radiation from the bottom. The transducer was placed on the arm of the positioning device and was immersed in the water tank, thus providing good acoustical coupling between tissue and transducer. Any bubbles that may have collected under the face of the transducer face were removed in order to eliminate any reflections. In all experiments the pancreas were extracted from freshly slaughtered lamb, and the experiment was conducted in the same day. In total 6 pancreases were used.
In Vivo Experiments
In the animal experiments for liver, kidney, and heart the coupling method of Figure 3 (a) was used. Only for the case of heart the rabbit's chest was open surgically in order to expose the heart. In Figure 3 (b) the approach used for acoustical coupling is lateral meaning that ultrasound propagates to the tissue either from left or right. This method is used to couple ultrasound to the brain in vivo. The tissue with this method has to be in good contact with the water container in order to achieve good coupling.
For the in vivo experiments, adult rabbits from Cyprus were used weighing approximately 3.5-4 kg. The rabbit has been proven as a good animal model for monitoring the effects of HIFU using MRI 31-36. Additionally, the cost of conducting experiments with rabbits is low. Totally 15 rabbits were used in the experiments. The rabbits were anaesthetized using a mixture of 500 mg of ketamine (100 mg/mL, Aveco, Ford Dodge, IA), 160 mg of xylazine (20 mg/mL, Loyd Laboratories, Shenandoah, IA), and 20 mg of acepromazine (10 mg/mL, Aveco, Ford Dodge, IA) at a dose of 1 mL/kg.
Presence of the skull in the ultrasonic path not only distorts the field by reflection, but may also destroy the underlying tissue in contact with it by absorbing ultrasonic energy and dissipating it as heat. A craniotomy adequate in extent to permit unimpeded passage of the cone of sound was imperative. The extent of the craniotomy depends on the solid angle of radiation and the depth of the target from the cranial surface. The larger the angle and the deeper the target, the larger the size of craniotomy needed. For the transducer used and a target depth of 1 cm, a circular craniotomy of 3 cm in diameter was adequate. The animal experiments protocol was approved by the national body in Cyprus responsible for animal studies (Ministry of Agriculture, Animal Services).
HIFU Parameters
The in situ spatial average intensity was estimated based on the applied power and the half-power width of the beam of the transducer. The details of the intensity estimation can be found in Damianou 2004 et al. [49] . In order to create large lesions, a grid pattern of 3 x 3 or 4 x 4 overlapping lesions was used. The spacing between successive transducer movements was 2 mm, which creates overlapping lesions for the intensity and pulse duration used. In all the exposure, unless stated otherwise the ultrasound was turned on for 5 s. The delay between successive ultrasound firings was 10 s for the scanned ablation. The in situ spatial average intensity used was 1000 W/cm2.
MRI Processing
The following parameters were used for T1-W FSE: repetition time (TR) was variable from 100-1000 ms, TE = 9 ms, slice thickness = 3 mm (gap 0.3 mm), matrix = 256 x 256, FOV = 16 cm, Number of excitation (NEX) = 1, and Echo train length (ETL) = 8. For T2-W FSE: TR = 2500 ms, echo time (TE) was variable from 10 ms to 160 ms, slice thickness = 3 mm (gap 0.3 mm), matrix = 256 x 256, FOV = 16 cm, NEX = 1, and ETL = 8.
The CNR was obtained by dividing the signal intensity difference between the Region of Interest (ROI) in the lesion and in the ROI of normal tissue by the standard deviation of the noise in the ROI of normal tissue. The ROI was circular with diameter of 3 mm.
MRI Simulation
The simulated signal intensity for the FSE MRI sequence was estimated based on the following Equation:
Where S is the MRI signal, N is the proton density, t is time, T1 is the spin-lattice relaxation time, and T2 is the spin-spin relaxation time. The figure of noise was taken from values measured during the experiments. The CNR was obtained by dividing the difference in the signal intensity of lesion and normal tissue by the standard deviation of the noise. Figure 4 shows the CNR between lesion and normal tissue plotted against TR for kidney, liver, brain, heart and pancreas using T1-W FSE. Figure 5 shows the CNR between lesion and normal tissue plotted against TE for kidney, liver, brain, heart and pancreas using T2-W FSE. Figure 6(a) shows the simulated signal intensity of lesion and liver tissue plotted against TR using T1-W FSE. Note that the signal of lesion is higher than the signal of liver tissue. The relaxation time T1 of lesion (250 ms) is lower than the corresponding T1 of liver (600 ms). Figure 8(b) shows the simulated CNR between lesion and liver tissue plotted against TR. In Figure 6 (b) the experimental data was also plotted so that comparison could be made with the simulation. The proton density and T1 values used were taken based on experimental data for rabbit liver in vivo.
RESULTS
Figure 7(a) shows the simulated signal intensity of lesion and liver tissue plotted against TE using T2-W FSE. Note that the signal of lesion is lower than the signal of liver tissue. The relaxation time T2 of lesion (35 ms) is lower than the corresponding T2 of liver (50 ms). Figure 7(b) shows the simulated CNR between lesion and liver tissue plotted against TE. Again for the purpose of comparing simulated and experimental data, the experimental data is included. The proton density and T2 values used were taken based on experimental data for rabbit liver in vivo.
Having established that the simulation model satisfactorily estimates the contrast between the tissue of interest and lesion, we conducted further simulation studies. Figure 8 shows the simulated CNR for T1-W FSE for the case of liver tissue by varying the relaxation time T1 of the lesion (250, 350, 450 and 550 ms). The relaxation time T1 of the liver was fixed at 600 ms. The signal intensity of lesion and liver used were based on experimental data for rabbit liver. Obviously the greater the difference between the two T1 values, the higher the CNR value. Thus, with lesion relaxation time T1 of 250 ms, the contrast is around 25, whereas with lesion relaxation time T1 of 550 ms, the CNR drops down to 10. The same approach was followed for evaluating the effect of T2 relaxation time for T2-W FSE. Figure 9 shows the simulated CNR for T2-W FSE for the case of liver tissue by varying the relaxation time T2 of the lesion (30, 35, 40 and 45 ms). The relaxation time T2 of the liver tissue was fixed at 50 ms. The signal intensity of lesion and liver used, were based on experimental data for rabbit liver. Obviously the greater the difference between the two T2 values, the higher the CNR value. Thus, with relaxation time T2 of 30 ms for the lesion, the contrast is around 22, whereas with relaxation time T2 of 45 ms the CNR drops to 3.
Obviously, the greater the ratio of signal intensity of lesion and tissue, the higher the CNR value. The ratio of signal intensity of 20 % represents the case found in the liver experiments and results to a CNR of close to 25. With a ratio of signal intensity of 5 % the CNR drops to approximately 18. Figure 10 shows the simulated CNR for T1-W FSE for the case of liver tissue by varying the signal intensity of lesion (expressed as a percentage increase compared to the signal intensity of liver (5 %, 10, %, 15 % and 20 %). The relaxation time T1 of the lesion was fixed at 250 ms and the relaxation time T1 of liver was fixed at 600 ms as measured in the liver experiments.
Finally Table 1 shows the measured proton density and relaxation time T1 or T2 for lesion and the measured signal intensity and relaxation time T1 or T2 for each of the 5 tissues using T1-W FSE or T2-W FSE. Table 1 includes also the ratio of signal intensity between lesion and tissue for both T1-W FSE and T2-W FSE. Moreover the difference of T1 or T2 relaxation time of lesion and tissue is included. Both the ratio of signal intensity between lesion and tissue and the difference of T1 or T2 relaxation time of lesion and tissue are the main tissue parameters that affect the CNR. The last columns in Table 1 shows the recommended TR and TE values to be used to get the highest CNR for the tissues under investigation and the CNR measured for each tissue for both T1-W and T2-W FSE. Although from Figure 4 a range of TRs can be used, we have chosen the lower TR obviously as to minimize the imaging time.
DISCUSSION
In this paper the goal was to measure the CNR of FSE MRI sequences in detecting thermal lesions created by HIFU in kidney, liver, heart, and brain of rabbit. Because the pancreas of rabbit is very small we use lamb for the evaluation of pancreas.
Both T1-W FSE and T2-W FSE have been proven successful for providing excellent contrast between rabbit kidney, liver, heart, pancreas, and brain and thermal lesion. The only exception was with pancreas using T1-W FSE, which failed to provide good contrast.
The maximum contrast measured with T1-W FSE is approximately 25 for liver. The CNR of Heart, kidney, and brain ranges between 17 and 20. In pancreas the CNR is slightly below 10. The reason is that the T1 value of pancreas and of lesion is close to each other resulting to low CNR. With T1-W FSE the TR under which CNR is maximized is 400 ms for liver, kidney and pancreas and 500 ms for heart and brain. Overall we can conclude that for these 5 tissues of interest if one uses TR between 400 and 500 ms the contrast is maximized. The T1 value of liver is 600 ms and the T1 value of the lesion is 250 ms (ie difference of 450 ms). This represents the best case (in terms of difference in T1 value between tissue and lesion) and as a result the CNR is high (25) . Pancreas represents the worst case because the difference in T1 value is only 20 ms and therefore the CNR is only 9.5. Also for the case of pancreas the ratio of proton density of lesion and pancreas is only 1.05 which results also to low CNR. The conclusion is that with T1-W FSE a CNR between 17 and 25 can be achieved in the tissues of interest in rabbit in vivo.
Although one might think that the T1 value of lesion in different tissues will be the same, we have shown that this hypothesis is not true. The T1 value of lesion depends strongly on the host tissue. For example in heart with long T1 value (900 ms), the value of T1 of the lesion is about 800 ms (ie difference of 100 ms). In liver a tissue with lower T1 than heart (600 ms), the value of T1 of the lesion is about 250 ms (ie a difference of 450 ms). Generally, the T1 of lesion is always lower than the host tissue, and as mentioned earlier the greater the difference, the greater the CNR. However, one might not ignore the significant role that the value of proton density plays in the CNR. The signal intensity of the lesion in all 5 cases increases. The increase ranges from 5 % in pancreas to 26% in kidney.
The experimental CNR of liver was compared to the simulated CNR and we found very close agreement. Therefore, we use the simulation model in order to study the effect of varying T1 for T1-W FSE. Therefore when the T1 of liver was fixed at 600 ms it was found that for lesion T1 of 550 ms the CNR is only 10 whereas with lesion T1 of 250 ms the CNR is 25.
The trend of CNR vs TR starts to increase then it becomes flat and then at high TRs it starts to decrease again. This trend is justified because at low TRs, the difference of signal intensity of lesion and tissue is low at short times and therefore CNR is lower. At higher TR the signal intensity of lesion and tissue reaches their maxima and therefore the signal difference is lower and hence the CNR drops again. This trend has been proved in all 5 tissues. The CNR measured with T2-W FSE varies between 12 and 15 for all 5 tissues. With T2-W FSE the TE under which CNR is maximized is 40 ms for liver, kidney, heart and pancreas and 50 ms for brain. Overall we can conclude that for these 5 tissues of interest if one uses TE between 40 and 50 ms the contrast is maximized. In pancreas with T2-W FSE the CNR is satisfactory (14) and this is because the difference in T2 value is quite high 23ms.
Also with T2 W FSE one might think that the T2 value of lesion in different tissues will be the same, we have shown that this hypothesis is also not true. The T2 value of lesion also depends strongly on the host tissue, and was concluded that the T2 of lesion is always lower than the T2 of the host tissue. The ratio of signal intensity of the lesion in all 5 cases decreases compared to the host tissue. The increase ranges from 5% in liver to 10% in kidney and pancreas. Therefore, in T2 W FSE the variation of signal intensity between lesion and tissue is small (5-10%) and therefore the factor dominating the CNR in T2-W FSE is the T2 relaxation time.
As in the case of T1-W FSE the experimental CNR of liver was compared to the simulated CNR and we found that very close agreement can be achieved. Therefore, we use the simulation model in order to study the effect of varying the lesion T2 relaxation time (between 30 and 45 ms) for T2-W FSE. Therefore when the T2 of liver was fixed at 50 ms, it was found that for lesion T2 of 45 ms the CNR is only 3 whereas with lesion T2 of 30 ms the CNR is 22.
The trend of CNR vs TE starts to increase then it becomes flat and then at high TEs it starts to decrease again. The same explanation holds as in the case of T1-W FSE.
The effect of varying the signal intensity of the lesion (expressed as a percentage increase compared to the proton density of liver) was explored for T1-W FSE up to 20%. It was found that with 5% the CNR is around 18 and with 20% is around 25. This small variation indicates that the main parameter that affects the CNR is the relaxation times and then the signal intensity enhancement.
Finally we would like to finalize the discussion, by introducing few papers that confirm the results presented in the study. In the study by Hynynen et al. [50] the trend of CNR with TR for T1-W FSE was the same as reported in our paper (ie CNR increases, then it becomes flat and then drops). The CNR reported was around 20. In their study they reported that the higher the echo train length (ETL) the lower the CNR, with the maximum occurring with ETL = 4. Previous literature in brain HIFU ablation [32, 34, 35] demonstrated that lesions can be monitored with excellent contrast in rabbit brain (in vivo) using T1-W FSE with TR = 500 ms. The lesions imaged in the previous studies and also in this study appeared brighter than brain tissue with T1-W FSE. The JBiSE 59 decrease of lesion T1 was also reported by Hynynen et al. [51] in dog thigh muscle in vivo. Finally it was reported [52] that the signal of lesion in kidney in vivo with T1-W FSE increases (up 30% at 73˚C), which is in agreement with the findings of this study. The signal enhancement of lesion in kidney in vivo was also demonstrated in the study by Damianou et al. [49] .
